The neuropeptide PDF is crucial for Drosophila circadian behavior: it keeps circadian neurons synchronized. Here, we identify GW182 as a key regulator of PDF signaling. Indeed, GW182 downregulation results in phenotypes similar to those of Pdf and Pdf-receptor (Pdfr) mutants. gw182 genetically interacts with Pdfr and cAMP signaling, which is essential for PDFR function. GW182 mediates miRNA-dependent gene silencing through its interaction with AGO1. Consistently, GW182's AGO1 interaction domain is required for GW182's circadian function. Moreover, our results indicate that GW182 modulates PDFR signaling by silencing the expression of the cAMP phosphodiesterase DUNCE. Importantly, this repression is under photic control, and GW182 activity level-which is limiting in circadian neurons-influences the responses of the circadian neural network to light. We propose that GW182's gene silencing activity functions as a rheostat for PDFR signaling and thus profoundly impacts the circadian neural network and its response to environmental inputs.
INTRODUCTION
Most animals have to cope with important environmental changes caused by the day/night cycle. Their physiology and behavior are therefore temporally controlled and optimized with their ever-changing environment. Twenty-four hour (circadian) rhythms are generated by intracellular pacemakers called circadian clocks, which consist of interlocked transcriptional feedback loops that control the rhythmic expression of clockcontrolled genes. In Drosophila, the PERIOD (PER) feedback loop generates transcriptional rhythms that peak in the early night, while the PAR Domain Protein1/VRILLE (PDP1/VRI) feedback loop generates rhythms with a peak in the early day (Hardin, 2006) . These two interlocked feedback loops are connected by the dimeric transcription factor CLOCK/CYCLE (CLK/CYC), which transactivates both per and timeless (tim) in one loop, and pdp1 and vri in the other. PDP1 and VRI feed back positively and negatively on the Clk promoter, respectively. PER and TIM form a dimer that acts as a CLK/CYC transcriptional repressor to negatively regulate their own genes' transcription.
The fly brain contains a mosaic of 150 circadian neurons, which express various neuropeptides and classic neurotransmitters and have different patterns of neuronal projections (Johard et al., 2009; Nitabach and Taghert, 2008) . Studies in the past 10 years have begun to shed light on the function of such complex neural organization. Specific neurons have specific roles in the control of circadian behavior. For example, the Pigment Dispersing Factor (PDF)-positive small ventral lateral neurons (sLNvs) predominantly generate morning activity in a light:dark (LD) cycle, while the dorsal lateral neurons (LNds) and the PDF-negative sLNv are important for evening activity (Grima et al., 2004; Stoleru et al., 2004) . Some neurons are more sensitive to temperature cycles (lateral posterior neurons [LPNs] , Dorsal Neurons [DN] 1 and 2) and can influence circadian behavior specifically when such environmental cycles are present (Busza et al., 2007; Miyasako et al., 2007; Picot et al., 2009; Yoshii et al., 2009a) . Others (large LNvs, LNds, DN1s) appear to be particularly important for light responses Picot et al., 2007; Shang et al., 2008; Stoleru et al., 2007; Tang et al., 2010) . Finally, a subset of DNs (DN1s) integrates light and temperature inputs to influence circadian behavior (Zhang et al., 2010) . Thus, in addition to having specific functions in the control of circadian behavior, different circadian neurons gather specific environmental cues to properly synchronize and organize circadian locomotor rhythms (Zhang and Emery, 2012) .
Besides promoting morning activity, the sLNvs have an additional and crucial function. They keep brain pacemaker neurons coherently synchronized and can thus maintain circadian behavioral rhythms even if flies are under constant conditions (Lin et al., 2004; Renn et al., 1999; Yoshii et al., 2009b) . They perform this remarkable task by secreting the neuropeptide PDF (Renn et al., 1999) . The receptor for PDF (PDFR) is broadly expressed in circadian neurons (Hyun et al., 2005; Im and Taghert, 2010; Lear et al., 2005; Lear et al., 2009; Mertens et al., 2005) . If PDF or PDFR is missing, flies become rapidly arrhythmic in constant darkness (DD), and in Pdf 0 flies, circadian neurons are desynchronized in DD (Hyun et al., 2005; Lear et al., 2005; Lin et al., 2004; Mertens et al., 2005; Renn et al., 1999; Yoshii et al., 2009b) . These phenotypes are remarkably similar to those seen in mice lacking either the neuropeptide Vasoactive Intestinal Polypeptide (VIP) or its receptor (called either VIPR or VPAC2) (Aton et al., 2005) , which are both expressed in the brain pacemaker structure of the mammalian brain: the Suprachiasmatic Nucleus (SCN). It is interesting that VPAC2 and PDFR are not just functional homologs but actually share considerable sequence similarities (Helfrich-Fö rster, 2005) . The neural mechanisms by which coherent circadian behavior is generated are thus well conserved in the animal kingdom. Beside arrhythmicity in DD, mutations in Drosophila PDF or its receptor have other characteristic consequences under LD conditions: the morning peak of activity is severely reduced, and the phase of the evening peak is advanced (Hyun et al., 2005; Lear et al., 2005; Mertens et al., 2005; Renn et al., 1999) . This reflects the importance of the sLNvs in the control of morning activity and their ability to determine the phase of circadian molecular rhythms in other circadian neurons. PDFR belongs to the class II GProtein coupled receptor (GPCR) family. Solid evidence indicates that it is positively coupled to cyclic AMP (cAMP) signaling (Choi et al., 2012; Duvall and Taghert, 2012; Mertens et al., 2005; Shafer et al., 2008) . However, the proteins participating in the PDFR signaling pathway only begin to be identified, with Gsa and the adenylate cyclase AC3 playing an important role in the sLNvs (Choi et al., 2012; Duvall and Taghert, 2012) .
Gene expression can be modulated by small RNA molecules called microRNAs (miRNAs) (Bartel, 2004) . They are generated by an enzymatic cascade from precursor RNAs (Liu and Paroo, 2010) . After being transcribed, pri-miRNAs are cleaved in Drosophila by PASHA and DROSHA into pre-miRNAs, which are processed into mature miRNAs by DICER1 (DCR1) and LOQUASCIOUS (LOQS). miRNAs are then loaded into the RISC complex with AGO1. miRNA-targeted RNAs can then be degraded or translationally silenced. This latter mechanism is dependent on GW182, which interacts with AGO1 (Chekulaeva et al., 2009; Eulalio et al., 2008; Eulalio et al., 2009a) . Recent studies suggest that miRNA-mediated silencing might play an important role in the control of circadian behavior in both mammals and fruit flies. Two rhythmically expressed miRNAs were identified in mammals (Cheng et al., 2007) . Evidence indicates that one of them (miR-132) modulates circadian light responses, while the other (miR-219) affects the pace of the circadian pacemaker. In flies, there are also rhythmically expressed miRNAs, but their function is not known (Yang et al., 2008) . Knocking down DCR1 expression with double-stranded RNAs (dsRNA) appears to have surprisingly little effect on circadian rhythms, although this weak effect might be explained by residual DCR1 expression (Kadener et al., 2009) . Interestingly however, binding sites for the miRNA bantam (Brennecke et al., 2003) in the 3 0 -untranslated region (UTR) of the Clk mRNA are important for the amplitude of circadian rhythms, and bantam overexpression alters the period of circadian behavioral rhythms (Kadener et al., 2009 ). Finally, miR-279 has recently been proposed to affect circadian behavioral output through regulation of the JAK/STAT pathway (Luo and Sehgal, 2012) . Despite these recent studies, the role played by miRNA silencing in the control of circadian behavior in Drosophila remains poorly understood.
RESULTS

GW182 Downregulation Phenocopies Pdfr or Pdf 0
Mutants
To try to understand better the role that miRNA silencing might play in the control of circadian behavior, we downregulated PASHA, DROSHA, LOQS, DCR1, AGO1, and GW182 with either long dsRNAs (Vienna Drosophila RNAi Center [VDRC] and Transgenic RNAi Project [TRiP] collections) or short hairpin RNAs (shRNA; TRiP collection) (Dietzl et al., 2007; Ni et al., 2011) . Flies bearing these RNAi transgenes were crossed to tim-GAL4/UASdcr2 flies (TD2). tim-GAL4 is expressed in all circadian tissues. DICER2 (DCR2) was coexpressed with the dsRNAs to enhance RNAi effects (Dietzl et al., 2007) . Only one RNAi line, directed against AGO1, was essentially lethal when combined with TD2 (only a few flies survived; see below). Most lines showed either no phenotypes under DD or a minor period lengthening of about 0.5 hr (Table S1 available online). The most striking phenotype was observed with one line directed against Dcr-1 and two independent lines targeting GW182 (Tables 1 and S1 ): flies were completely arrhythmic. The two gw182 RNAi lines target nonoverlapping regions of the GW182 mRNAs ( Figure 1A) . Thus, RNAi off-target effects are very unlikely to explain the arrhythmic phenotype observed with these lines. Hence, the arrhythmicity observed with the two gw182 RNAi lines strongly suggests that GW182 is essential for circadian behavior. We therefore focused our work on this protein.
To understand further the role that GW182 might be playing in the control of circadian behavior, we observed gw182 RNAi flies under LD cycles. Circadian behavior was also altered under these conditions but not as severely as under DD (Figures 1B and 1C) . The morning peak of activity was severely blunted, but a robust evening peak of activity was present, indicating that the molecular circadian pacemaker was still functional under LD, at least in the evening oscillators. It is interesting though, that the phase of the evening peak of activity was clearly advanced compared to control flies ( Figures 1B and 1C) . The trio of phenotypes observed when downregulating GW182 is not unprecedented. Pdf 0 and Pdfr mutant flies are also mostly arrhythmic in DD, show severely reduced morning anticipation, and have an advanced evening peak of activity (Hyun et al., 2005; Lear et al., 2005; Mertens et al., 2005; Renn et al., 1999) (Figures 1B and 1C) . Thus, our results strongly suggest that GW182 is implicated in the PDF/PDFR signaling pathway, which plays an essential role in the control of circadian behavior.
GW182 Is Expressed in Circadian Neurons and Is Required in Adult Flies for Rhythmic Behavior
If GW182 were important for PDF/PDFR signaling, we would expect it to be expressed in circadian neurons. We stained fly brains with an anti-GW182 antibody and found GW182 to be widely expressed in the brain, which is expected since it plays a crucial role in miRNA silencing (Eulalio et al., 2009a) . Notably, all circadian neurons that we could visualize with green fluorescent protein (GFP) expression driven by tim-GAL4 expressed GW182 ( Figure 2A ). We also stained brains of flies expressing gw182 dsRNAs in clock neurons. We found GW182 levels to be severely reduced in these cells (Figure 2A ). Quantifications in DN1s showed a reduction of 60% ( Figure 2B ). This is probably an underestimation of the actual downregulation. Indeed, we could not subtract background signal since GW182 is expressed in all neurons. In summary, GW182 is expressed in both PDFpositive and PDF-negative circadian neurons and downregulated in these cells in the presence of dsRNAs.
No obvious anatomical defects were observed in the cell bodies of circadian neurons and in the projections of sLNvs when GW182 was downregulated (Figures 2 and S2A ). However, more subtle developmental defects could be responsible for the circadian phenotype we observed when expressing gw182 dsRNAs. Thus, we restricted the expression of gw182 dsRNAs either to the developmental or to the adult stage using GAL80 ts , which is a temperature-sensitive repressor of GAL4 (McGuire et al., 2004) . When GW182 was downregulated only during development, no phenotypes were observed in LD or DD (Figures S2B and S2C) . However, most flies were arrhythmic when the gw182 dsRNAs were expressed only during adulthood. In LD, morning activity was partially suppressed, and the onset of evening activity advanced by about 1 hr. This slightly weaker phenotype compared to that observed with constitutive gw182 dsRNA expression is probably explained by a less extensive GW182 downregulation. We therefore conclude that GW182 is required in adult circadian neurons for normal behavioral rhythms.
GW182 Is Required in PDFR-Expressing Circadian Neurons
Since GW182 downregulation result in a phenotype reminiscent of those of flies with no PDF signaling, and since GW182 is expressed in both PDF-positive and -negative circadian neurons, it could affect either PDF expression/release or PDFR signaling.
To distinguish between these two hypotheses, we determined the circadian neurons in which GW182 is required. We first crossed gw182 RNAi transgenic flies to Pdf-GAL4/UAS-dcr2 (PD2) flies to downregulate GW182 only in PDF-positive circadian neurons. This tissue-specific downregulation had no effect on circadian behavior in LD and DD (Figures 3A and 3B ; Table 1 ), which strongly suggests that GW182 is primarily required in PDF-negative circadian neurons. Although we have previously observed that Pdf-GAL4 is as efficient as tim-GAL4 to downregulate genes in PDF-positive LNvs (Dubruille et al., 2009) , we cannot entirely exclude the possibility that there is higher residual GW182 expression in these neurons when using Pdf-GAL4. We therefore also combined TD2 with Pdf-GAL80 (PG80), to block expression of the dsRNAs in PDF-positive LNvs. The phenotypes were comparable to those with TD2 alone, although slightly weaker (Figures 3A and 3B; Table 1 ). Seventy-five percent of TD2/GW ; PG80/+ flies were arrhythmic (98% without PG80), morning peak was blunted, and the evening peak phase advanced. We therefore conclude that GW182's primary role is in PDF-negative circadian neurons, which strongly suggest that it functions in the PDFR pathway (Lear et al., 2009 ).
gw182 and Pdfr Genetically Interact
The results presented so far strongly suggest that GW182 plays a positive role in the PDFR signaling pathway. If indeed this is the case, flies in which expression of gw182 dsRNAs is combined with a severely hypomorphic Pdfr mutation should behave similarly as single-mutant flies. If, on the contrary, GW182 and PDFR affect two separate pathways, we would expect an additive effect. Since the morning peak of activity is almost entirely eliminated in both gw182 RNAi flies and Pdfr mutant flies, and since both are almost completely arrhythmic in DD, the only phenotype that can show additive effects is the evening peak. We observed no additive effects when combining a Pdfr mutation with GW182 downregulation on the phase of evening activity (Figures 3C and 3D) . This absence of additive effect is not caused by a limitation in how early the evening peak can be advanced. Indeed, the evening peak in per S mutant flies (Konopka and Benzer, 1971 ) is more advanced than in gw182 or Pdfr mutants and could even be further advanced when per S was combined with gw182 downregulation ( Figures 3C and 3D ). The absence of additive effect is thus specific to the gw182-RNAi/Pdfr mutant combination and, therefore, strongly suggests that GW182 and PDFR are in the same signaling pathway.
To strengthen this notion, we determined whether hyperactivation of PDFR could at least partially rescue the phenotypes associated with decreased GW182 expression. To increase PDFR signaling, we overexpressed a membrane-tethered PDF peptide (t-PDF). Expression of this peptide in PDF-negative neurons is known to result in phenotypes reminiscent to those of flies with high PDF levels (Choi et al., 2009 ). Strikingly, we could rescue rhythmicity in DD in 60% of flies with one of the t-PDF transgenic line (40% in the other; Figure 3E ; Table 1 ). Importantly, a scrambled version of the t-PDF (t-SCRB) was totally unable to do so. LD behavior was not rescued with t-PDF, however. Thus, hyperactivation of PDFR can partially suppress the phenotypes associated with downregulation of GW182. This result, combined with all the results presented above, clearly demonstrates that GW182 is an essential element of the PDFR pathway.
GW182's AGO1 Binding Domain Is Required for Its
Circadian Function GW182 plays a central role in miRNA-mediated translation silencing. It does so by interacting with AGO1, which binds Figure S1 and Table S1. directly to miRNAs (Eulalio et al., 2009a) . Unfortunately, we could not determine directly whether AGO1 is important for GW182's circadian function. AGO1 null mutants are lethal, one of the two AGO1 RNAi line showed no phenotype, and the other RNAi line is, as mentioned above almost completely lethal when combined with TD2 (or even in the absence of DCR2). A few unhealthy escapers were obtained. Not surprisingly, they were arrhythmic both in DD and LD, with very low activity levels (data not shown).
To determine whether GW182 works with AGO1 to regulate circadian behavior, we used a rescue strategy. We generated two transgenes resistant to the gw182 shRNA by mutagenizing extensively the binding site for this shRNA without affecting the amino acid sequence of the GW182 protein ( Figure 4A ). The first transgene encodes a wild-type GW182 (GW), while the other encodes a mutant protein (GWAA) in which the 12 N-terminal glycine-tryptophane (GW) motifs critical for AGO1 binding were changed to alanines (AA) (Eulalio et al., 2009b) .
We then coexpressed the shRNA and the resistant constructs with the TD2 combination. As expected, rhythmicity was restored in DD with the wild-type gw182 transgene (although frequently with a long period phenotype; see below), and under a LD cycle, both the morning peak and the evening were entirely normal in phase and amplitude (Figures 4B and 4C ; Tables 1 and  S2 ). This definitely establishes that all the phenotypes we observed with the gw182 dsRNAs are caused by GW182 downregulation. Importantly, the GWAA mutant had a very limited ability to rescue the GW182 downregulation phenotype. None of the five mutant lines we obtained could rescue behavior under LD (Figures 4B and 4C ; data not shown). Three of the five lines did not rescue behavior in DD (Tables 1 and S2 ). One line showed very weak rescue in DD. The strongest rescue was observed with GWAA line #7, with about 50% of flies being rhythmic in constant conditions. Amplitude of these rhythms was weaker than in control flies.
To correctly interpret the partial rescue observed with GWAA mutant line #7, and the absence of rescue with other mutant lines such as #3, we measured GW182 protein levels in the presence of the shRNA. With line #3, protein levels were slightly higher than those of wild-type flies ( Figures 4D and 4E) . Thus, the complete failure of this transgene to rescue the GW182 knockdown phenotype is not the result of low protein level. This clearly shows that the AGO1 binding residues of GW182 are critical for its circadian function. However, the GWAA mutant protein must retain a very weak ability to bind to AGO1, because we could detect a partial rescue of rhythmicity in DD with line #7, which has much higher GW182 levels than wild-type flies or mutant line #3.
The Level of GW182 Activity Correlates with Circadian Period Length
The period obtained in DD with GWAA mutant line #7 is short ( Figure 4E ; Table 1 ). Interestingly, this is what is observed in the rare Pdf 0 or Pdfr mutant flies that remain rhythmic in DD.
When we rescued GW182 knockdown phenotypes with wildtype rescue transgenes, we observed various period lengths in DD. With most lines, the period was long. Line #27, for example had a 26.5-hr period phenotype in the presence of the gw182 dsRNAs (Table 1 ; Figure 4E ). With line #38b, however, a similar period length as that for control flies was observed (Table 1) . Again, we measured protein levels in these rescued flies to understand these phenotypes. With wild-type line #38b, GW182 levels in clock neurons were slightly below those of wild-type flies ( Figures 4D and 4E ). However, with line #27, protein levels were about 2-fold higher than those of wild-type ( Figures 4D  and 4E) . Two additional lines were tested and confirmed a correlation between period length and GW182 expression ( Figure 4E ). Thus, period length in DD is exquisitely sensitive to GW182 levels. This is also supported by the fact that the period is always slightly longer when the wild-type transgenes are expressed in a wild-type background (in the absence of shRNAs) and, thus, in the presence of genomically encoded GW182 (Tables 1 and  S2 ). Behavior with a long period has been observed when PDF is overexpressed or when PDFR is hyperstimulated (Choi et al., 2009; Wü lbeck et al., 2008; Yoshii et al., 2009b) . Thus, we conclude that the level of GW182 activity is directly correlated with period length and the level of PDFR signaling ( Figure 4E ). GW182 is, therefore, a critical regulator of circadian behavior and communication between circadian neurons, and its activity is limiting in clock neurons. Interestingly, the long period phenotype observed with GW182 overexpression was partially suppressed by lowering AGO1 levels but not AGO2 ( Figure S3 ). This genetic interaction further demonstrates that GW182 regulates circadian behavior through miRNA-mediated gene regulation and that period length is exquisitely sensitive to RISC complex activity.
GW182 Modulates DNC Expression in the PDFR Signaling Cascade PDFR has been shown in vivo and in cell culture to promote the production of cAMP, suggesting that cAMP is an important secondary messenger in the PDFR signaling cascade (Mertens et al., 2005; Shafer et al., 2008) . Moreover, in PDF-positive sLNvs, PDFR signaling is dependent on Gsa and the adenylyl cyclase AC3 (Choi et al., 2012; Duvall and Taghert, 2012) . To determine whether cAMP signaling is also essential in PDFnegative circadian neurons, we downregulated Gsa and the three Drosophila PKA catalytic subunits with tim-GAL4. We observed the typical trio of phenotypes characteristic of PDFR signaling disruption when Gsa and PKA-C1 were downregulated but not when PKA-C2 and -C3 were targeted (Figures 5A and 5E ; Tables 1 and S3 ; data not shown). PKA-C1 downregulation combined with a Pdfr mutation confirmed that PKA-C1 is indeed in the PDFR pathway (no additive effect on the evening peak; Figure S3) . Thus, PDFR is dependent on cAMP for its signaling in both PDF-positive and -negative circadian neurons. Since GW182 silences gene expression but plays a positive role in PDFR signaling, it is unlikely to target directly PDFR, Gsa, or PKA-C1. A more likely candidate would be a negative regulator of cAMP signaling, such as a phosphodiesterase. The suppression of the gw182 downregulation phenotype observed with t-PDF shows that PDFR signaling is not entirely abolished in flies with downregulated GW182. We therefore decided to combine gw182 dsRNAs with dnc 1 , a hypomorphic mutation in the gene coding for the cAMP phosphodiesterase DUNCE (DNC). Indeed, it has been previously proposed that DNC might affect circadian behavior and photoreception (Dahdal et al., 2010; Levine et al., 1994) . Interestingly, we found that gw182 and dnc genetically interact. LD behavior was partially rescued in dnc 1 /gw182-RNAi flies. The evening peak phase was much closer to that of (A) Design of the GW182 rescue experiments. The binding site for the shRNA was extensively mutagenized with synonymous codons to make the transgenic mRNAs resistant to the gw182 shRNA. Two constructs were generated: A wild-type construct (GW) and a mutant construct (GWAA) in which the 12 GW amino acid residues critical for AGO1 binding were mutagenized. (B) Average activity of flies of different genotypes under LD conditions. Representative lines expressing either GWAA or the wild-type GW182 are shown. TD2/ UASGFP; GW /+ is used as an additional control. Note the normal phase of the evening peak and rescued morning peak with the wild-type transgenes (#27 and #38b). The evening peak remains advanced with the mutant protein, and the morning activity is still blunted (GWAA #3). (C) Quantification of evening phase and morning anticipation. Wild-type GW182 transgenes significantly rescued the LD behavior defects for GW182 knockdown flies. Statistics are the same as in Figure 3 . (D and E) The level of GW182 activity correlates with circadian period length. (D) Rescued GW182 expression in different transgenic lines in the presence of GW182 dsRNAs. The brains were stained with anti-GW182 antibody (green) and anti-VRI antibody (red). (E) Circadian behavior period in DD is correlated with GW182 protein and activity levels. The upper half of the bar graph shows the quantification of GW182 protein levels in DN1s with GWAA mutant or wild-type GW transgenes. The y axis is the ratio of GW182 levels in DN1s compared with those of neighboring noncircadian neurons (in wild-type flies, this ratio is about 1). The lower half of the bar graph shows the circadian periods (tau) of different lines in DD, plotted on the y axis (hr). The x axis is the genotypes in both graphs. Error bars correspond to SEM. Note that, with the severely hypomorphic GWAA mutant protein, flies are either arrhythmic or rhythmic with a short period reminiscent of the short period rhythms of the rare Pdf/Pdfr mutant flies that remain rhythmic in DD. On the contrary, period lengthens with increased GW182 activity and protein levels, as in flies with excessive PDF signaling. This indicates that GW182 functions as a rheostat of PDFR signaling and regulates the circadian period. Error bars correspond to SEM. See Figure S3 and Table S2. wild-type flies than to that of GW182 knockdown flies ( Figures 5B  and 5E ). The morning peak was, however, not restored but was, for unclear reasons, weak even in dnc 1 single mutants. The dnc 1 /gw182-RNAi flies also showed much greater rhythmicity in DD than gw182-RNAi flies (41% versus 0%; note that only 60% of dnc 1 flies are rhythmic in our hands; Figure 5C ; Table 1 ). We did not observe any rescue with the rut 1 mutation, which affects an adenylate cyclase involved in learning and memory, like dnc (data not shown) (Waddell and Quinn, 2001) . The suppression of the GW182 knockdown phenotype is thus specific to dnc. Interestingly, DNC overexpression using tim-GAL4 resulted in a phenotype similar to that of Pdf/Pdfr mutants in LD (Figures 5D and 5E) , and all DNC overexpressing flies were arrhythmic in DD (Table 1) . Combined, these results show that DNC is a negative modulator of PDFR, as expected for a phosphodiesterase. They also reinforce the notion that cAMP is a key secondary messenger in the PDFR pathway. Finally, it strongly suggests that GW182 negatively regulates DNC expression.
Since there is, to our knowledge, no antibody available for DNC, we tested whether GW182 indeed regulates DNC levels by expressing an enhanced GFP (EGFP) reporter fused (or not) to the 3 0 -UTR of dnc, which contains a predicted conserved miRNA binding site. Strikingly, we found that expression of EGFP under the control of the dnc 3 0 -UTR is highly sensitive to GW182 downregulation ( Figure 6A ). EGFP signal was dramatically increased in gw182 RNAi flies, as expected since GW182 silences gene expression. On the contrary, the control construct missing the 3 0 UTR of dnc was insensitive to GW182 downregulation. Thus, our genetic and imaging results converge in identifying DNC as a critical target of GW182 in the PDFR signaling cascade.
Light Modulates DNC Expression and Circadian Behavior in a GW182-Dependent Manner
Several studies have demonstrated that the organization of the circadian neural network responds to environmental light. While Pdfr mutants, with severely disrupted morning anticipation and advanced evening peak phase. All flies were arrhythmic in DD (Table 1) . Middle and right panels represent control flies.
(E) Quantification of evening phase and morning anticipation. Statistics are the same as Figure 3 . Error bars correspond to SEM. See Figure S4 and Table S3. the sLNvs drive circadian behavior in the dark or under a short photoperiod, PDF-negative circadian neurons can take control of circadian behavior under constant light (LL) or a long photoperiod Picot et al., 2007; Stoleru et al., 2007) . This plasticity in neural hierarchy-thought to contribute to seasonal adaptation of circadian behavior (Stoleru et al., 2007) -results from photic inhibition of sLNv output and activation of PDF-negative circadian neuron output (Picot et al., 2007) . Since PDF is a major sLNv output, and since our data indicate that GW182 modulates PDFR signaling through the 3 0 -UTR of dnc, we decided to test whether dnc expression is controlled by light. We measured EGFP-dnc 3 0 -UTR level of expression in control and gw182 dsRNA flies under two conditions: LL and DD ( Figure 6B ). The results were striking: EGFP expression was approximately three times higher in LL than in DD in control flies, but it was not affected at all by light when GW182 was downregulated. dnc 3 0 -UTR activity is not under circadian control ( Figure S5 ), which means that its derepression in LL is not a secondary effect of LL-induced disruption of the molecular circadian pacemaker. Our results therefore indicate that DNC expression is derepressed by prolonged light exposure, which is predicted to result in decreased PDFR signaling and, therefore, a weakening of the connection between the sLNvs and its neuronal targets. Since this is GW182 dependent, and since GW182 activity is in a dynamic range in circadian neurons (Figure 4E) , it also suggests that GW182 activity is repressed in the dark (see Discussion). Does GW182 indeed impact the light-dependent reorganization of the circadian network? A method to reveal this neural plasticity is to inhibit the circadian photoreceptor cryptochrome (CRY) or its signaling pathway to allow flies to remain rhythmic Overexpression of morgue only in PDF-negative circadian neurons render flies rhythmic in LL, but co-overexpression of gw182 severely decreased this rhythmicity. Circadian behavior in DD is unaltered by GW182 overexpression. Four independent experiments were performed for LL and three were performed for DD. Quantification is based on all these independent experiments. The number of tested flies is shown above each column. ****p < 0.0001, n.s. not significant, determined by z test. Error bars correspond to SEM. See Figure S5 and Table S4. under constant light Picot et al., 2007; Stoleru et al., 2007) . We have previously shown that we can achieve this by overexpressing MORGUE only in PDF-negative circadian neurons, leaving the PDF-positive circadian neurons unprotected from LL and, thus, arrhythmic . Hence, we compared the behavior of flies overexpressing MORGUE or both MORGUE and GW182 in PDF-negative circadian neurons. As previously described, MORGUE overexpressing flies are very strongly rhythmic in LL (100% rhythmic; Figure 6C ; Table S4 ). When PDFR signaling is increased by overexpressing GW182, only 40% of flies are rhythmic, and the rhythmic flies have reduced amplitude of circadian behavior ( Figure 6C ; Table S4 ). We conclude that the arrhythmic signal the unprotected PDFpositive sLNvs send to downstream PDFR-positive circadian neurons is amplified by increased PDFR signaling, and thus partially disrupts LL rhythms. Importantly, GW182 overexpression does not increase arrhythmicity in DD. GW182 levels thus modulate light-dependent changes in circadian neurons hierarchy.
DISCUSSION
We have demonstrated that circadian behavior and PDFR signaling are under the control of GW182, a protein critical for miRNA silencing. Our results strongly suggest that GW182 functions as a rheostat determining the intensity of PDFR signaling through repression of the cAMP phosphodiesterase DNC (Figure 7) . Indeed, we find interesting correlations between GW182 levels of activity and the phenotype we observed. Very severe reduction in GW182 levels results in behaviors that are reminiscent of those found in flies lacking PDF or PDFR. The only difference is that GW182 knockdown is slightly more severe as we see virtually complete arrhythmicity in DD, while a small percentage of Pdf 0 or Pdfr mutant flies remain rhythmic, with a short period phenotype (Hyun et al., 2005; Lear et al., 2005; Mertens et al., 2005; Renn et al., 1999) . This might indicate that GW182 affects secondary signaling pathways that work in parallel of PDFR. Interestingly, as in Pdf/Pdfr mutants, short period rhythms are observed in 50% of flies expressing very high levels of the GWAA mutant, which must thus retain a very weak ability to interact with AGO1 and thus repress translation. As GW182 activity increases, longer period phenotypes are observed. It is striking that only an approximately 2-fold overexpression of GW182 can lengthen the period by about 2 hr. This period lengthening parallels again what is observed with various manipulations of PDF signaling: PDF overexpression or hyperexcitation of PDFR results in long period phenotypes as well (Choi et al., 2009; Wü lbeck et al., 2008; Yoshii et al., 2009b) . However, these manipulations also frequently result in internal desynchronization, with some groups of circadian neurons running fast and some slow. Thus, in many flies, behavior is not simply long but also complex. Both a long period rhythm and a short period rhythm are observed in single flies. We did not observe such behavioral complexity with GW182 overexpression, but the period length we obtained with GW182 overexpression (up to 2 hr) is in the range of the long period component obtained when PDFR was hyperexcited with t-PDF (Choi et al., 2009 ).
As discussed above, GW182 might not just affect PDFR signaling, and its overexpression might have slightly different consequences for circadian behavior than increases in PDFR signaling. There is, however, a more likely and interesting possibility. GW182 overexpression may preferentially affect circadian neurons that lengthen their period when stimulated by PDF because GW182 is limiting only in these neurons. Interestingly, neurons that lengthen their period length in response to PDF overlap with those that can drive circadian behavior under LL conditions: the CRY-positive LNds and the DN1s Picot et al., 2007; Stoleru et al., 2007; Yoshii et al., 2009b) . The disruption of LL behavior when GW182 is overexpressed ( Figure 6C ) thus fits nicely with the notion that these neurons are particularly sensitive to GW182 and PDFR signaling. Strikingly, these neurons also express high PDFR levels (Im and Taghert, 2010) . By which mechanisms does GW182 regulate PDFR and cAMP signaling? GW182 interacts with AGO1 and is essential for miRNA-mediated translation. We actually identified GW182 as a regulator of circadian behavior in a miniscreen in which we downregulated miRNA-related genes, but most dsRNAs targeting these genes had little effects on circadian behavior. Only subtle period changes were observed. This, however, might be (Choi et al., 2012 , this study), PKA-C1 (this study) and adenylate cyclase AC3 (at least in PDF-positive sLNvs) (Duvall and Taghert, 2012) are positive components of PDFR signaling. Our work reveals that GW182 also promotes PDFR signaling by repressing DNC, which degrades cAMP and thus represses PDFR signaling. GW182-mediated DNC repression is controlled by light. Gray shapes indicate as-yet-unidentified components of the PDFR signaling pathway.
simply explained by insufficient downregulation of the enzymes responsible for miRNA synthesis, as proposed in a previous study in which DCR1 knockdown had very little effect on circadian behavior (Kadener et al., 2009) . Surprisingly, one of the Dcr-1 lines we tested was arrhythmic, but unlike what was observed with GW182 downregulation, LD behavior was only very mildly affected ( Figure S1 ), with possibly a slightly advanced evening peak. This could be indicative of a mild Pdf 0 -like phenotype, but we have to take these results very cautiously. First, they were observed with one dsRNA line only; therefore, there is the possibility of off-target effects. Second, it would actually be surprising that DD rhythms would be so profoundly disrupted while LD behavior is almost unaffected. Indeed, in our rescues with GWAA mutants or with tethered PDF, DD behavior was partially restored but LD behavior was not. With AGO1 downregulation, we could not get any informative results. One of the RNAi line showed no phenotypes while the other one was semilethal, with a few unhealthy survivors. However, we found AGO1 levels to be limiting when GW182 is overexpressed ( Figure S3 ). Moreover, the GW182 amino acid residues necessary for AGO1 binding (the N terminus GW motifs) are essential to GW182's circadian function. We therefore conclude that GW182's role in the control of circadian behavior is dependent on AGO1 and, thus, miRNA silencing. Our identification of the 3 0 -UTR of dnc as a target of GW182 fits perfectly with this notion. In the absence of GW182, we observed in circadian neurons a strong derepression of an EGFP reporter gene controlled by dnc 3 0 -UTR, which contains a highly conserved miRNA binding site according to Pictar and Targetscan predictions (Krek et al., 2005; Ruby et al., 2007) .
The evidence that dnc is a key target for GW182 in the PDFR pathway is particularly strong. In addition to showing that GW182 represses dnc 3 0 -UTR, we have found that decreasing dnc activity can partially correct the loss of gw182 in clock neurons and that overexpressing DNC is sufficient to mimic closely the loss of GW182 or of PDFR signaling. Moreover, the idea that GW182 regulates DNC level would explain how hyperexciting the PDFR receptor partially corrects the loss of gw182. Increased PDFR signaling would compensate for increased cAMP catabolism. This said, other genes in the PDFR cascade might also be directly or indirectly regulated by GW182. Indeed, in S2 cells, several positive and negative elements of the cAMP cascade are misregulated when GW182 is depleted (BehmAnsmant et al., 2006) . Interestingly, two adenylate cyclases are downregulated while PDE11 is upregulated. This again fits perfectly with a positive role of GW182 in promoting PDFR/ cAMP signaling. Finally, misregulation of UPD and the JAK/ STAT pathway might also contribute to the GW182 arrhythmic phenotype in DD, since it is regulated by miR279, and miR279 knockout decreases rhythm amplitude under these conditions (Luo and Sehgal, 2012) .
GW182 activity is limiting in circadian neurons since, as discussed above, decrease and even modest increase in GW182 activity result in phenotypes reminiscent of those observed with loss or gain of function in PDFR signaling, respectively. The fact that GW182 activity is set to such a dynamic range and is thus able to modulate the PDFR pathway is intriguing. This makes GW182 an ideal target for pathways that would impact the hierarchy between circadian neurons. For example, under LL or long photoperiod, the role of PDF-positive circadian neurons is decreased while the role of PDF-negative neurons is promoted Picot et al., 2007; Stoleru et al., 2007) . The inhibition of the PDF-positive LNvs' contribution to circadian behavior is dependent on visual inputs, and affect output mechanisms, not the molecular pacemaker (Picot et al., 2007) . GW182 could thus be targeted by visual inputs to modulate PDF signaling downstream of PDFR in the presence of light. Our finding that GW182 overexpression severely reduces rhythmicity in LL, but not in DD, strengthens the idea that GW182 level of activity might be a target for photic regulation. Strikingly, we found that the 3 0 -UTR of dnc is derepressed by light and that this derepression is dependent on GW182. DNC derepression in LL is predicted to decrease PDFR signaling and thus to weaken the influence of the sLNvs on downstream neurons, which is what Picot et al. (2007) observed. Although we strongly favor the idea that GW182 is the target of visual inputs and thus mediates photic modulation of the circadian network, we cannot, at the present time, exclude that another element of the RISC complex (AGO1, or a miRNA targeting dnc 3 0 -UTR) is controlled by light. Indeed, GW182 level is not obviously altered by the presence of light (data not shown). GW182 activity might thus be mostly regulated by a posttranslational mechanism such as phosphorylation. Indeed, in mammals, GW182 is a phosphoprotein, (Eystathioy et al., 2002) . In any case, our results reveal a mechanism by which light might modulate circadian behavior and the hierarchy between circadian neurons: the modulation of DNC expression. This could be an important mechanism for seasonal adaptation to different photoperiods, which is thought to depend on changes in circadian neuron hierarchy (Stoleru et al., 2007) In summary, our work demonstrates that GW182 is a critical regulator of PDFR signaling. Since VIP/VIPR play a very similar function as PDF/PDFR in the SCN (Aton et al., 2005) , which control circadian rhythms in mammals, and since PDFR and VIPR share extensive sequence homologies and signaling mechanisms, it will be interesting to determine whether the three human homologs of GW182 also modulate VIPR signaling and circadian behavior. Our results also reveal a mechanism by which GPCR signaling as well as neural networks and their organization can be modulated by miRNA silencing mechanisms.
EXPERIMENTAL PROCEDURES Fly Stocks
All the flies were raised on cornmeal/agar medium at 25 C under a LD cycle.
The following strains were used: w
1118
, y w; tim-GAL4/CyO (Kaneko et al., 2000) , y w; Pdf-GAL4/CyO (Renn et al., 1999) ; y w; tim-GAL4/CyO; Pdf-GAL80/TM6B , y w; tim-GAL4 UAS-dcr2/CyO, y w; Pdf-GAL4 UAS-dcr2/CyO (Dubruille et al., 2009) , per S (Konopka and Benzer, 1971) , dnc 1 , rut 1 (Duerr and Quinn, 1982) , ago1 k08121 (Kataoka et al., 2001 ), ago2 414 (Okamura et al., 2004) . The Pdfr mutant flies contain the han5304 allele (Hyun et al., 2005) . RNAi stocks were obtained from VDRC and TRiP stock centers. Wild-type gw182 and GW-repeat mutant cDNA were cloned from pAc5.1 (Eulalio et al., 2009b) , and the binding sites for the shRNA were mutagenized with synonymous codons to make it resistant to the gw182 shRNA. The cDNAs were cloned into pUAST to make transgenic flies. For EGFP reporter flies, EGFP with or without dnc 3 0 -UTR cDNA were cloned into pUAST-attB1 constructs and injected for site-directed transgenes.
Behavioral Experiments and Analysis
For almost all experiments, adult male flies (2-5 days old) were used for testing locomotor activity rhythms. Only when using the Pdfr-GAL4 driver did we use females, because this driver is an enhancer trap located into the proximal promoter of the Pdfr gene, which is located on the X chromosome. Flies were entrained for 3 full days LD cycle at 25 C, using about 500 lux light intensities, and then released into DD at 25 C for at least 5 days. Locomotor activity was measured with TriKinetics Activity Monitors in I36-LL Percival Incubators. Locomotor activity was averaged over the 3 days entrainment for LD and 5 days for DD. Data analysis was performed with the FAAS-X software (Grima et al., 2002) . Actograms were generated using a signal-processing toolbox implemented in MATLAB (MathWorks) (Levine et al., 2002) . For GAL80ts experiments, flies were raised at 18 C and tested at 30 C, or raised at 30 C and tested at 18 C. They were entrained for 5 days and then released in DD for at least 5 days. For each fly, morning anticipation amplitude was measured by averaging the activity count obtained in five 30-min bins between Zeitgeber Time (ZT) 17 and ZT19.5 (middle of the night) and between ZT21.5 and ZT24 (just before lights on). The first value was subtracted from the second to obtain the amplitude of the morning peak. Morning anticipations of individual flies were then averaged and plotted on the graphs. Evening peak phase was also measured in individual flies. The highest 30-min bin count in the evening (or midday in extremely advanced flies) was defined as the evening peak. Its value was set relative to the light-off transition. For example, if the peak occurred 2 hr before lights off, than its phase was equal to 2. If activity had not reached a peak before the startle response caused by the light-off transition (as in most control flies), evening phase was equal to 0, or even to negative values if activity kept increasing after lights off. Individual fly's evening peaks were then averaged and plotted on the bar graph.
Whole-Mount Immunohistochemistry
Whole-mount immunohistochemistry for fly brains were done as previously described (Zhang et al., 2010) . Adult fly (3-6 days old) were dissected in chilled PBT (PBS with 0.1% Triton X-100) and fixed in 4% formaldehyde diluted in PBS for 30 min at room temperature. The brains were rinsed and washed with PBT three times (10 min each). Then, brains were incubated with 10% normal donkey serum diluted in PBT to block for 40 min at room temperature and incubated with primary antibodies at 4 C overnight. For VRI staining, we used 1:10,000 guinea pig anti-VRI (generous gift from Dr. Hardin). We used a 1:2,000 dilutions for rabbit anti-GW182 (generous gift from Dr. Izaurralde) and 1:200 for mouse anti-GFP. After six washes with PBT (20 min each), brains were incubated with relative secondary antibody at 4 C overnight, followed by another six washes with PBT. All samples were imaged on a Zeiss LSM5 Pascal confocal microscope, with laser settings kept constant within each experiment. Eight to 10 fly brains for each genotype were dissected for imaging. Representative images are shown (Figures 2, 4 , and 6). ImageJ software (National Institutes of Health [NIH]) was used for GW182 quantification in 15-20 DN1s from at least five brains. For quantification, signal intensity in each DN1 and average signals in three neighboring noncircadian neurons were measured, and the ratio between signals in DN1s and noncircadian neurons was calculated.
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